The results of recent laboratory experiments with wax extruded beneath relatively cold water may be.extr~polated to predict the surface morphology of submarine lavas as a function of the extrusion rate and melt vIscosity. ~e experiments with solidifying wax indicated that the surface morphology was controlled bya slDgle paramete~, the raUo of the time taken for the surface to solidify, and a time scale for lateral flow. For submanne basalts a soluuon of the cooling problem (which is dominated by conduction in the lava but convective heat transfer in the water) and esUmates oflava viscosities place this parameter within the empirically determined "pillowing" regime over a Wide range of extrusion rates. This result is consistent with the observauon that pIllow basalts are the most common products of submarine eruptions. Smoother surfaces corresponding to the vario.us types .of submanne sheet flows are predicted for sufficiently rapid extrusions of basaltic magma. Sull higher erupuon rates ID regIOns oflow topographic relIef may produce submarine lava lakes. Minimum emplacement times can be calculated for submanne vo1caruc constructs of a single lava flow type.
INTRODUCTION
Submarine basalt flows are the most common volcanic rocks on birth. However, because the eruption of submarine lavas has never 1Ieen directly observed, our ability to infer emplacement conditions 10m their morphology is quite limited. Despite recent concerted tIforts to catch deep-sea eruptions 'in action [e.g., Chadwick et aI., 1991 ; Haymon et aI., 1991] , the likelihood of being able to make IICCIIfiltemeasurements with presently available technology is small.
'Ibis situation contrasts with that for subaerial flows, whose morpbology has been related quantitatively to both lava rheology and eiusionratein several studies [e.g., Hulme, 1974; Fink and Fletcher, 1978 ; Borgia et aI., 1983; Baloga and Pieri, 1986; Rowland and Walker, 1990] . One way to overcome this limitation to our underIIIDding is to use theoretical and laboratory models to relate lava ampbology to effusion rate and rheology. This is the approach of Ibis paper.
When lava is extruded onto the Earth's surface or the seafloor, it ipUds laterally under the influence of gravity. It also begins to IOlidify as a result of radiative or convective heat loss from its lUI'face. By observation we know that a thin layer at the surface of the lava can become a solid crust within minutes in the case of subaerial eruptions or within a few seconds when the lava is under water. The lime for formation of the first solid is determined by the eruption lemperature and rate of heat loss from the surface, and these same parameters determine the subsequent rate of thickening of the solid crust. The properties of the crust, in turn, control its deformation in response to stresses applied by the motion of the underlying melt [e.g., Fink and Fletcher, 1978] . Under some conditions (namely rapid solidification, small extrusion rates, or high melt viscosities) the crust can also exercise some degree of control over the speed of advance of the flow front [R. W. Griffiths and J, H . Fink, Effects of Copyright 1992 by the American Geophysical Union.
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solidifying crust on the advance oflava flows and domes, submitted to Journal of Fluid Mechanics , 1992] . Thus the surface cooling and development of the solid crust is a critical process in determining the surface morphology of lavas and, in some cases, may lead to crustal control of the flow's advance.
In a series oflaboratory experiments with polyethylene glycol wax extruded onto the base of a tank filled with cold water, Fink and Griffiths [1990, 1992] showed that formation of solid crust led to a number of types of surface morphology analogous to those seen on lava flows (Figure 1 ). These included levees around flow margins, surface folds similar in appearance to those found on ropy basalts, striated surfaces separating large smooth plates along rifting zones, and small bulbous structures similar to pillow basalts ( Figure 2 ). Fink and Griffiths also found that the type of surface morphology dominant in each experiment depended in a systematic manner on the rate of extrusion and the rate of formation of crust: the most rapid cooling and solidification led to "pillow" morphology, whereas "rifting," "folding," and "levees" occurred for progressively slower solidification rates or more rapid extrusion rates. At the lowest cooling rates, no crust at all formed within the duration of an experiment.
A theoretical prediction of the kind of surface morphology to be expected under prescri~ed laboratory or field conditions is currently beyond our capabilities; it would require complete solutions for the coupled temperature and flow fields taking into account temperature-dependent rheology, solidification, and the mechanics of the crust. Various attempts have been made to predict aspects of the overall spreading oflava flows [Walker, 1973; Malin , 1980; Huppert et aI., 1982; Blake, 1990] , some considering only the thermal problem in which cooling and solidification throughout much of the depth of the lava column is assumed to bring the flow to a halt [Pinkerton, 1987; Crisp and Baloga, 1990] . However, these papers have not addressed the dynamical effects of the crust on the overall flow nor the relationship between deformation of the crust and the underlying flow.
In conjunction with their laboratory experiments, Fink and Griffiths [1990] employed an alternative approach. On the basis of a dimen-
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GRIFFTIlIS AND FINK: SUBMARINE LAVA MORPHOLOGY [1990, 1992] . sional analysis and an assumption of dynamic similarity, they argued that the surface morphology depends primarily on the rate of formation of crust relative to the rate of lateral flow . The behavior can be characterized for each experiment by a single dimensionless parameter, '1', which they defined as the ratio of the time taken for the surface of the wax to solidify and a time scale for horizontal advection, the latter being a measurement of the time required for an element of extruded wax to travel a distance equal to the depth the flow would have in the absence of solid crust. In the experiments the flow of wax without crust would have been governed by a balance between gravity and viscous stresses. Equivalently, 'I' is the lateral distance from the vent, measured in flow depths, at which solid crust is predicted to appear. Evaluation of this parameter for each wax experiment using a theoretical prediction for the surface cooling. along with the observations of morphology, enabled empirical values of'll to be found at the various morphological transitions: when '1'>50, the wax flow reached the walls of the box without crust appearing; at 25<'1'<50, solid formed near the flow front and created levees which had to be broken or overridden before the flow could advance; at 10<'1'<25 there were cross-stream -oriented folds similar to those onropy pahoehoe flows; at 3<'1'<1 0 the wax crust developed plates and rift-like fractures, with molten wax exposed along the rifts ultimately freezing and adding to the rigid surface plates that were moving apart; and at '1'<3, crust developed rapidly at the vent and spreading proceeded through large numbers of bulbous outgrowths, or "pillows."
The transitions between dominant morphological types occurred at approximately the same values of'll for both radial spreading from a small hole [Fink and Griffiths, 1990] and two-directional spreading from a narrow slit (with spreading rate appropriately scaled for each case). In most respects the morphology was also independent of the roughness and slope of the base, although for a long narrow slit (a line source) the "pillow"regimewas observed only with a rough base. With a smooth base, "pillows" were replaced in linear (two-directional) spreading by an extension of the "rifting" regime, presumably because the crust did not grip the smooth base near the flow front and the two large plates could slide away on each side of the line source without decelerating. A gently sloping base (up to six degrees) gave a preferred direction offlow, but the dominant type of surface morphology was otherwise little affected. Thus the laboratory experiments showed a reasonably robust sequence of transitions between surface morphologies, transitions which are described by values of a single parameter relating cooling rate to spreading rate. The dependence of morphology on the parameter 'I' alone (at least for a given material) shows that the surface morphology, and the kind of behavior occurring near the flow fron~ can be described in terms of the source conditions, extrusion rate, and surface heat flux, with some influence of basal topography.
The laboratory observations of surface morphology provide a potentially powerful tool for interpretation of the emplacement conditions for lava flows. The experiments have been carried out with convective cooling of wax beneath cold water, and the results should be of direct relevance to submarine lava eruptions. In this paper we evaluate the parameter'll and make tentative predictions of flow morphology for submarine basaltic lavas. These predictions are functions of the volume flux, eruption temperature, and lava viscosity at the vent. However, if we consider only mid-ocean ridge basalts, the range of vent temperatures and viscosities is likely to be quite limited, and the extrusion rate is left as the main determinant of flow morphology. This opens the possibility that observed morphology may be used to place constraints on variations of extrusion rate along a ridge.
SPREADING OF VISCOUS LAVA
The depth and lateral velocity of lava near a vent, with or without cooling, are determined by the source volume flux Q, source geometry, lava rheology, gravitational force , and base topography. Cooling as a result of heat loss from the surface or base of the lava influences the spreading by altering the rheology of parts of the flow. If there is no vertical advective transport of heat within the lava (i.e., no thermal convection or shear-generated turbulence), cooling is confined to thin conductive boundary layers: a thin solid crust develops. In this paper we consider only laminar (or near-laminar) flows: those having viscosities small enough and velocities large enough for a Reynolds number to be greater than about 100 are generally unstable or turbulent, and conduction is not the sole mechanism for heat transport to their surfaces. Because solidification commences much more slowly at the base than at the exposed surface of a lava, we also neglect any effects of basal cooling on the overall flow or on development of the surface crust and its morphology. Thermal convection in the lava cannot commence within the extremely short times required for a solid surface skin to form in contact with water.
Assuming that the isothermal melt beneath the surface boundary layer can be satisfactorily described by a uniform viscosity, the rate of formation of surface crust can be compared to the rate of spreading that would prevail in the absence of cooling. For a flow with Newtonian rheology and a very small Reynolds number extruded onto a horizontal plane, scales for the depth H and velocity U of the flow [Fink and Griffiths, 1990] are, forradial spreading from a point source,
and, for a line (slit) source,
The motion is driven by the gravitational acceleration g acting on the density difference ~P=P-Pa, where P is the density of the lava and Pa is density of the environment. Flow is retarded by stresses associated with the kinematic viscosity v (V=1l/p, where 11 is the dynamic viscosity). In (la), Q is the volume flux from the vent, whereas in (lb) , q is the volume flux per unitlength of the line source. Constants of proportionality are not shown here but will be of order one; their precise values are not needed, as the dimensionless parameter which we will form using the above scales must in any case be evaluated empirically at the various morphological transitions, using laboratory analog experiments or field data. The time for advection of lava through a distance equal to one depth scale, ta=HIV, is found from (I). The ratio of solidification and advective time scales '¥=ts/ta (which can be thought of as the inverse of a "solidification Peclet number," instead of the usual "heat flow Peclet number") then becomes Radial spreading
In order to estimate 'Ii for a given flow it is necessary to evaluate the time ts required for the surface of the lava to cool from the vent temperature to the solidification temperature. The time ts is used here as the primary indicator of the development of crust during the early stages of solidification of flow from those positions where new melt is exposed to the environment. At much greater times when the lava surface is farther from the vent and its temperature has approached the ambient temperature, the crust thickness becomes insensitive to the surface solidification time and is instead controlled largely by the thickness of the thermal boundary layer. However, we proceed under the assumption that crust morphology, such as pillows and transverse folds, is determined by the early stages of development of the crust and that the structure of any part of the flow is set long before that portion of the surface has time to cool to the ambient temperature.
SURFACE COOLING AND SOLIDD'ICATION

Surface Fluxes
An analysis of the cooling of lava, assuming that vertical bell transfer within the lava is by conduction and that the surface f1ux il determined by turbulent natural convection in the environmeD~ is summarized by Fink and Griffiths [1990] . Convective transport i expected to be the dominant mechanism for heat loss from submariDe eruptions. However, there is also a small radiative transfer, and for completeness we include estimates of this flux. Thus the surface filii F is given by the sum of the convective flux Fe and the radiative filii Fr. The magma motion is asstimed to be laminar (at least near ill surface), and we show later that there is no need to consider thermal convection within the magma.
Consider an elementoflavaextruded ata time t=O and temperatlR Tl under a deep layer of seawater at temperature Ta. At extremely small times after any given element of melt comes into contact willi the seawater, a conductive thermal boundary layer builds up in the water adjacent to the lava surface until it becomes unstable and is swept away by convection. Using a boundary layer analysis (alii assuming single-phase flow) it is straightforward to show that this boundary layer timescale is of order 10-2 s (taking seawater properties in Table 1 ). This is also the timescale for the boundary layer III reform. Boundary layer intermittence results in fluctuations of the surface heat flux . However, at times much greater than 10-2 s, only a temporally smoothed flux is required. Increased surface slope alii roughness should reduce both the boundary layer timescale and the magnitude of the fluctuations in heat flux .
The convecti ve flux Fe established for convection atlarge Rayleigh numbers in water, with small temperature differences and no boiling, is given by (3) where Te(t) is the lava temperature at the contact surface, (la, Ka, Va. Pa, and C a are the thermal expansion coefficient, diffusivity, kinematic viscosity, density, and specific heat (at constant pressure) of the convecting fluid, and y is a constant whose value is close to 0.1 [Turner, 1973; Huppert and Sparks, 1988] . The molecular properties of water are almost constant in all existing tests of (3). However,at high temperatures, seawater exhibits a strong dependence of thermal expansion coefficient on temperature [Bischoff and RosenblJllir, 1985] : for the seawater at mid-ocean ridges (3.2% to 3.5% salinity and 100-300 bar), a varies from l.5xl 0-4 at the ambient tempera (0· -10·C) [Sverdrup, 1945] to 1.0xlO-2 at 350·-420· (depending on pressure). At conditions close to the critical point of seawater (approximately 400·C, 300 bar) the expansion coefficient becomes even larger. It is therefore important to make allowance for a nonlinear density-temperature relation.
Convective heat transfer from submarine lavas is controlled bylbe dynamics of a thin unstable boundary layer in the water (as welhl conduction through a thin boundary layer in the lava). As far aswe are aware, the effects of strongly nonlinear density-temperature relations on this form of convection have not been parameteri However, we argue that the convective heat flux depends on the buoyancy in the boundary layer and therefore on an "effective average value for aa, which might be defined such that (la(fe-T.) o-lfoBa(T)(T-Ta)dz, where z=O at the contact surface and 0 is thickness of the unstable boundary layer. The best justifiable proxirnation for the effective aa is simply aa",a(T*), w T*=(Te+Ta)/2. For the early stages of cooling considered in paper we will see that T* varies from 350·C to 550·C, a range 0 which the minimum expansion coefficient is aa",3xlO-3 , and [Fofonoff, 1962] lea, m 2 s-1 thermal diffusivity 1x10-7 [Weast et aI. , 1989] Pa, kg m-3 density 1.00x103 [Fofonof!. 1962] (l at ambient T, K-I thermal expansion 1.5x 1 0-4 [Sverdrup, 1945] !la at -400' C, K-I -10-2 [Bischoff and Rosenbauer, 1985] T a , K temperature 280 [Dielrich et al. , 1980] Balsa/tic lAva 11, Pa s lOZ-lQ4 [Hall, 1987] V, m 2 s-1 0.04-4 c, J kg-l K-l 1.2x10 3 [Turcotte and Schubert, 1982] 1(, m 2 s-1 5x10-7 [Williams and McBimey, 1979] p, kg m-3 2.6x103 [Hall, 1987] Tb K -1423
(estimatefromMacdonald[1972])
T s , K 1003
[Ryan and Sammis , 1981] E emissivity 0.9 value assumed
The solidification temperature Ts is assumed to be the glass transition.
is of order 10-1 , for which a more representative value is [Bischoff and Rosenbauer, 1985] . estimate of the radiative flux Fr which will be sufficient for our (4) (} is the Boltzmann constant and E is the emissivity of the Stefan's law (4) may tend to overestimate the radiative flux, some fraction of the radiation at long infrared wavelengths absorbed within the thin conductive thermal boundary layer water and therefore left to be carried away as a part of the flux Fe. However, most of the radiation penetrates bethe boundary layer (a thickness of -3xl0-2 mm) and adds to the flux.
and present explicit values for the surface calculated from (3) and (4) and compare them with the fluxes surfaces in subaerial envirolUJlents. They range up to 5000 m· 2 .
Contact Temperature
The idealized cooling problem to be solved is that in which melt uniform temperature TI is suddenly brought into contact with water at temperature Ta. Conduction in the lava is matched Ibe total surface flux, which in turn depends on the surface and ambient conditions. No allowance for latent heat is over the small time scales of interest, since the rapid by water leads to vitrification of the lava surface with no rystlillizaticlD (see below). A solution for the contact temperature assuming only convective transfer from the surface, was given lclimlensionlless form by Fink and Griffiths [1990] . Here we ca1cu-.. e"pUl"uy both the contact temperature and thickness of solidiunder conditions appropriate for submarine extrusions of Given this limited range of conditions, the results are more when expressed in dimensional form .
The problem of finding the temperature in the lava can be reduced, using standard techniques, to solution of an integral equation [Carslaw and Jaeger, 1959, p. 76] . The equation can be transformed into
where Z is the distance from the contact surface, and A. is a dummy variable. In our case the time-dependent surface flux is (5b) where p, c, and K are the densi ty, specific heat, and thermal diffusivity of the lava (values are shown in Table 1 ), and Te=T(z=O). The depth of isotherms can be traced as functions of time. The contact temperature is found by solving with Z=D.
The computed depths of several isotherms are shown in Figure . ) for the case of a basalt extruded at 1423 K (1150' C) into seawater at 280 K(7 ' C), assuming aa=O.Ol. The isotherm at 1373 K(lloo' C) is chosen as an estimate ofthe solidus temperature for basalts; loo3± 15 K (730' C) is the best available value for the glass transition temperature [Ryan and Sammis, 1981] ; and 1200 Kis simply an intermediate temperature. When 1 s has elapsed, the solidus and glass transition temperature have propagated 2 mm and 0.5 mm, respectively, into the lava. After tbis time the depth of these isotherms continues to increase as t l12 . In Figure 4 we plot the evolution of the contact temperature for the above extrusion. The influence of radiative transport is small, contributing only approximately 5 K to the surface cooling or decreasing by 4% the time taken for Tc to reach the glass transition. The results are not radically different if aa is varied by a factor of 5.
Solidification Times
Our model is based on the hypothesis that flow morphology is largely dependent on the relative rates oflateral spreading and crust formation . We have presented evidence [Fink and Griffiths, 1990 , 1992] that an important measure of the rate of crust development is the time taken for the contact surface to begin to solidify. This time can be used to evaluate the dimensionless parameter '¥, but we do not imply that flow morphology is in some way established at the time solid fust begins to form in the early stages of an extrusion. TImes at which the submarine lava surface passes through its solidus and its glass transition temperature have both been determined, and corresponding solutions for different eruption temperatures are plotted in Figure 5 . The time required for cooling to the glass transition varies from 0 .14 s at TI= 1600 K to 0.04 s at TI= 1300 K. Over this range the surface always cools below the lava solidus in less than 10. 2 s. The calculated cooling times are much too small for any crystallization to occur in the thin surface layer after it cools below the solidus temperature and before it reaches the glas. s transition. on the crystallization kinetics of igneous rocks and lunar basalts Uhlmannetal. , 1979; Dowty, 1980; Kirkpatrick, 1981] m' Ul~.'CO IIIII homogeneous nucleation and growth of crystals to significant ume fractions requires minimum times of order 10 3 -104 s melt is cooled from its liquidus. Heterogeneous nucleation due preexisting crystals may decrease the time to reach large fractions but not by more than an order of magnitude. Thus cation near the quenched surface involves only the formation glass, a prediction that is confumed by the glassy surfaces found fresh submarine basalts [e.g., Ballardarui Moore, 1977; . Carrying the calculations of isotherm depths to times than shown in Figure 3 , we find that large volume crystals are unlikely to form before the lava solidifies to a the solidification front has migrated to depths of 50-100 mm around 1 hour after that part of the surface was exposed to the This prediction, too, is consistent with the thickness (50·60 [Moore and Lockwood, 1978] ) of observed glass layers on surface of pillow basalts . We conclude that the best estimate of the solidification appropriate for use in extrapolating laboratory observations of face morphology to submarine extrusions of basalt is the time for the lava surface to cool to the glass transition temperature. extrusion temperature of 1423 K, ts=0.07 s. This calculated cation time also appears to be consistent with observations of visible radiation from submarine lavas. The red glow from element of lava persists for approximately 1-3 s after it is the water at the neck of a new pillow outgrowth [Tep/ey 1974] . From independent measurements the last visible red from lava corresponds to a temperature of around 900 K and McBimey, 1979] . Although we predict the surface to cool temperature within 0.2 s, the visible radiation is expected to pene~tII from the hot interior through a cooler glassy crust for some Hence, the two observations and the present cooling model consistent if the glass is up to I mm thick before it becomes Lipman and Banks, 1987] [1990, 1992) are shown.
total flux from the vent, since branching of the flow will effectively reduce the local flow rate. Films and videos of submarine portions of Hawaiian basalt flows that erupted subaerially [Tepley and Moore , 1974; Moore , 1975 ; Sansome, 1990] show that pillow formation and growth is associated with local flow rates of between 0.1 to 2.0 m 3 s-I . These estimates for viscosity and flow rate imply that 'P<3 is probable for most submarine eruptions ( Figure 6 ). That is, extrapolation of the empirical morphological regimes for the wax analog places submarine lava eruptions largely in the "pillow" regime. This result is consistent with the observation that pillow basalts are common at both ocean ridges and intraplate volcanoes [e.g., Moore, 1975] . If the wax results can be carried over in such a direct manner, we also predict that eruptions with lava viscosities less than 1 ()3 Pa s and flow rates greater than 10 m 3 s-I may form into broad plate-like sheet flows (the "rifting" regime) which would be either smooth or covered with millimeter-scale, flow-parallel striations. Ateven higher flow rates or lower viscosities, transverse folds may develop. Any reduction of flow rate due to branching of these low-temperature basaltic flows will accentuate the tendency to form pillows. Submarine lava lakes, described in detail from sites along the Galapagos Rift and East Pacific Rise [Lonsdale, 1977a; Ballard et al., 1981] , and extensive flood basalts on the Hawaiian arch [Holcomb et ai. , 1988] may represent flows that advance with relatively little crust formation . These would be analogous to the "levee" or " no crust" regimes identified in our experiments and would require extremely high effusion rates (greater than 2000 m 3 s-1 m-I or 3000 m 3 s-I for lava with a viscosity of 10 2 Pa s extruding from a linear or point source vent, respectively).
If magma issues from a long submarine fissure, the flow rate, q, per unit length of the fissure is smaller than the total volume flux, Q, and Figure 6b indicates a shift to smaller 'P values, placing submarine basalts still farther into the "pillow" regime than indicated by the point source model. On the other hand, the experiments with line sources revealed no "pillow" regime when a smooth base was used . Thus if the surfaces of previous submarine flows are smooth enough so that new lobes can slide across them, then elongate vents at ridges may initially produce sheet flows at the expense of pillows. As was concluded for point sources, sufficiently rapid submarine eruptions from long fissures could produce flows whose surfaces are smooth, apart from centimeter-scale transverse folds and millimeter-scale striations. The folds may be confined to a region near the flow margins if extrusion from the vent was rapid but of short duration.
Subaerial dike-fed fissure eruptions normally are thermally unstable, constricting to one or a few point-source vents within a few hours [Delaney and Pollard, 1981] . This tendency would be enhanced for eruptions into cold seawater. Thus the experiments in which wax extrudes from a fissure are probably only relevant to the early stages of most submarine eruptions.
The results shown in Figure 6 can help explain distributions of flow types described from a variety of submarine environments [e.g., Lonsdale, 1977a, b; Ballard et ai., 1979 Ballard et ai., , 1981 Bonatti and Harrison, 1988] . For example, Bonatti and Harrison [1988] measured the areas covered by sheet flows and pillows on maps from many different mid-ocean ridge segments and found a positive correlation between the proportion of sheet flow coverage and the spreading rate of the ridge. They suggested that sheet flow formation is favored in lavas that have higher eruption temperatures and extrusion rates and lower crystallinities and viscosities. Although it seems likely that some of these conditions might be associated with fast spreading ridges, Bonatti and Harrison [1988] could not determine which would most influence flow morphology. In contrast, the dimensionless variable, 'P, allows us to calculate the relati ve importance of these four factors. For example, if we assume that eruption temperature and crystallinity control lava viscosity (v), as described by various experimental studies [e.g., Shaw, 1969; Pinkerton and Stevenson, 1992] , then from Fink and Griffiths [1990, equations (3) and (12)] we find that the distance at which surface solidification first occurs (and hence the flow morphology) varies as (Q3/v)118 . Thus volume flow rate should have a stronger influence on morphology than crystallinity or lava viscosity.
Some of the most detailed maps of submarine lava flows yet compiled are from the summit region of Axial Volcano on the Juan de Fuca Ridge [Embley et at., 1990] . These maps distinguish pillows from lobate, ropy, and jumbled sheet flows. Although there are no observations of the latter three types during formation, their appearance suggests that they may correspond to the morphologic sequence seen in our experiments (with jumbled sheet flows equivalent to leveed flows). Thus, if we assume a lava viscosity of 10 2 Pa s, Figure   6a These estimates constitute the flrst attempts to establish the physical conditions needed to form specillc types of submarine lava morphology. However, they are based on a direct extrapolation from wax experiments, and their validity for lava, with its vastly different mechanical properties and generally more complex emplacement histories, must be further tested in future studies that include careful examination of lava flow structure from a variety of submarine settings. Finally, for submarine volcanic constructs made of a single lava flow type, like pillow mounds, our modeling allows us to calculate minimum emplacement times. For example, Figure 6a indicates that a subcircular pillow mound with a volume of 10 6 m 3 and a viscosity of 10 2 Pa s could not have formed in less than 10 6 s, or roughly 12 days (it could take longer if effusion were not continuous) . These types of estimates are needed to develop strategies for observing submarine eruptions whose locations are detected by the presence of hydrothermal megaplumes or other signs of activity.
CONCLUSIONS
A sequence of morphologic transitions observed on the surface of a wax analog to lava flows can be compared to the structure of submarine lavas by using a simple viscous gravity-driven flow scaling, along with estimates for cooling of the lava surface due to turbulent natural convection in the seawater. The main task involved is a calculation of the time required for the lava surface to solidify after it comes into contact with seawater. A direct application of the laboratory results for morphologic transitions to submarine conditions predicts that basalts are most likely to form into pillows, while lobate, ropy, and jumbled sheet flows and lava lakes form from progressively higher flow rates and/or lower viscosities (crystallinities). Extrusion from a flssure also favors development of pillows unless the substrate is smooth enough to allow the new lava to slide over it, in which case the various types of sheet flow will be favored . In most cases such flssure eruptions will evolve to one or a few isolated subcircular vents quite rapidly. The morphologic similarities between laboratory wax flows and submarine lavas are an encouraging indication that these types of simulations may help answer important questions about the emplacement of lavas on the sea floor.
